The concentration of water-soluble carbohydrates (WSC) of cocksfoot is lower than that of other temperate grasses. Increasing in the WSC concentration in cocksfoot is important in increasing its digestibility and preference by ruminants. The genetic variation in mono-and disaccharides, fructans and total WSC concentrations and their interrelationships with crude protein (CP) and fibre concentrations of cocksfoot (Dactylis glomerata L.) at the vegetative growth stage in half-sib cross populations were assessed in two experiments conducted under spaced-planting and sward conditions.
each harvesting and dried in an oven at 70 ℃ for 48 h. Dried samples were ground through a 1.0-mm screen using a cyclone mill following coarse grinding using a Wiley type mill. Samples were stored in a refrigerator before the analysis of forage quality.
Experiment 2
Two hundred and forty elite clones preserved vegetatively as genetic resources at NARCH were measured for WSC concentration in August 2000. Fifteen clones with high or medium WSC concentration and of medium maturity were selected in 2001.
Those clones were divided into three clones, and transplanted to a greenhouse for isolation and then polycrossed. Seeds were collected from the three replications of each clone in the polycross nursery and bulked. Fifteen half-sib progeny and three standard Japanese cultivars, 'Wasemidori,' 'Okamidori' and 'Harujiman,' were used for the progeny trial. Seeds were sown on 9 May 2002 in paper pots filled with volcanic ash soil containing fertilizer at rate of 4.0 g N, 1.5 g P 2 O 5 and 4.0 g K 2 O kg -1 soil, and seedlings were grown in a greenhouse. from each plot and clone. The method of sample collection and preparation for the analysis of forage quality were the same as in Experiment 1.
Analysis of forage quality
Mono-and disaccharide and fructan, CP, ADF and NDF concentrations were estimated by near-infrared reflectance spectroscopy (NIRS) (NIRSytems Model 6500, MD, USA).
The WSC concentration was expressed as total concentration of mono-and disaccharides, and fructan. Crude protein, ADF and NDF concentrations were measured using calibration equations described by Takai and Nakayama (2000) . A total of 152 samples were selected as a calibration data set for chemical analysis of WSC using high-performance liquid chromatography (HPLC). Thirty-eight of the samples were used for validation. Partial least-square regression was used to develop predictive evaluation for WSC concentration. Total water-soluble carbohydrates were extracted from a 0.25 g ground sample by boiling de-ionized water containing 1 mg mlglycol as the internal standard for 1 h. The extract was passed through a 0.45-μm pore filter and analyzed using HPLC. Mono-and disaccharides (fructose, glucose and sucrose) and fructan (degree of polymerization: DP≥3) in the extract were separated using gel permeation HPLC columns (Shodex KS-802 and KS-803 combined, Showa Denko, Tokyo, Japan) with a flow rate of 0.8 ml min -1 of HPLC grade water at 50 °C, and were detected using a refractive index detector (L-2490, Hitachi, Tokyo, Japan). Carbohydrates were identified using fructose, glucose and sucrose as the external standards and quantified using propylene glycol as the internal standard. The standard error of prediction by NIRS was 4.9 g kg -1 for mono-and disaccharides and 7.9 g kg -1 for fructan. Calibration coefficients of determination were 0.78 for mono-and disaccharides and 0.91 for fructan.
Statistical analysis
Analyses of variance were computed as a split plot in time for each experiment. Years, entries and replications were considered as random effects. Standard cultivars were removed from the analysis of variance. Variance components were estimated from the linear function of the mean square. Broad-sense (h b ) and narrow-sense (h n ) heritabilities in Experiments 1 and 2 were estimated on a phenotypic-mean and plot-mean basis averaged across years and replications (Nguyen and Sleper, 1983) as follows: Negative variance components were equated to zero in the heritability calculation.
Narrow-sense heritabilities were estimated by doubling the regression of half-sib progeny on the parent mean (h po ) in Experiment 2 (Falconer and Mackay, 1996) .
Phenotypic and genetic correlation coefficients were calculated between forage quality traits from plot means averaged over replications and years in all experiments.
Genetic correlations were estimated from genetic covariance and variance of each trait using progeny data in Experiments 1 and 2 (Falconer and Mackay, 1996) .
Results

Genetic variation and heritabilities of WSC concentration and forage quality traits, and yield, under spaced planting for parents and sward conditions for progeny
Ranges of fructan, total WSC, ADF and NDF concentrations were larger than that of mono-and disaccharides and CP concentrations in parents and progeny under spaced planting and sward conditions, respectively, in Experiment 1 (Table 1) (Table 2) .
Mean squares for entry × year interactions in progenies were significant in all traits except for mono-and disaccharide concentrations of progeny (Table 2 ). Variance components of entries for forage quality traits were larger than that of entry × year in progeny, whereas they were smaller than those of entry × year in parents (Table 2 ).
Phenotypic and genetic correlations between WSC concentration and forage quality traits in half-sib progeny under sward conditions are shown in Table 3 . Mono-and disaccharide, fructan and WSC concentrations were negatively correlated with CP, ADF and NDF concentrations in half-sib progeny under sward conditions. Magnitudes of correlation coefficients for mono-and disaccharide, fructan and total WSC concentrations with CP concentrations were lower than those for ADF and NDF concentrations. Mono-and disaccharides, fructan, WSC and CP concentrations were not correlated with yield, whereas ADF and NDF concentrations were positively correlated with yield.
The h b estimates of all traits in parents were lower than h n estimates of these traits in progeny and were not significant taking the standard error into account, except for mono-and disaccharide and WSC concentrations in Experiment 1 ( Table 4 ). The h n of mono-and disaccharide, CP and ADF concentrations, and yield in half-sib progenies under sward conditions were similar to one another, while that of fructan concentration was lower. Correlation coefficients between parents and progeny for all traits were significantly positive.
Genetic variation and heritabilities of WSC concentration and forage quality traits under spaced planting for parents and progeny
The range of each forage quality trait for means of year and entry in parents was larger than that in progeny under spaced planting for the selected population in Experiment 2 (Table 5 ). Mean squares of entry were significant for all traits in parents and progeny (Table 6 ). Mean squares of years in progeny were significant for all traits while they were not significant in parents for forage quality traits except for CP concentration. On the other hand, entries × year interactions in progeny were not significant in forage quality traits except for CP concentration while they were significant in parents for all traits. Variance components of entries for all forage quality traits were smaller than those of entry × year in parents (Table 6 ). Variance components of entries for fructan, WSC, ADF and NDF concentrations were larger than those of entry × year in progeny under spaced planting.
Phenotypic and genetic correlations between WSC and forage quality traits in half-sib progeny under the spaced-planting condition were shown in Table 3 . Mono-and disaccharide, fructan and WSC concentrations were negatively correlated with ADF and NDF concentrations in half-sib progenies under spaced planting. The magnitude of correlation coefficients for fructan and total WSC concentrations with CP concentration was higher than that for mono-and disaccharide concentration with CP concentration.
Plant vigour that was represented by plant biomass was not correlated with forage quality traits under spaced planting.
The h b estimates of all traits in parents were lower than h n estimates in progeny under spaced planting in Experiment 2 (Table 4) . Magnitudes of h b estimates in parents were similar to each other except for plant vigour. The h n estimates of fructan, WSC, ADF and NDF concentrations in progeny, which ranged from 0.53 to 0.71, were moderate, whereas those of mono-and disaccharide concentrations, and CP concentration, were 0.20 and 0.29 respectively. The h po estimates were the highest for fructan concentration and the lowest for ADF concentration. Although h po of forage quality traits estimated from parent-progeny regression, which ranged from 0.20 to 0.97, were low to high, standard errors were large in all traits.
Discussion
Most cocksfoot cultivars are developed by phenotypic and genotypic selection based on a set of polycross progenies in sward plots. Because significant heritabilities and correlations between parent and progeny for WSC concentration were found in Experiment 1, which was carried out under sward conditions for progeny, this selection method would be useful in increasing the WSC concentration of cocksfoot. Walters and Evans (1974) reported that the difference in digestibility found in spaced planting in cocksfoot disappeared under sward conditions. Genetic variations for WSC concentration and forage quality traits were found under both spaced planting for parents and under sward conditions for progeny. Therefore, phenotypic and genotypic selection based on a set of polycross progenies in sward plots may be useful for the selection of WSC concentration and yield in cocksfoot.
A significant entry × year interaction under sward conditions, except for mono-and disaccharide concentrations, indicated a differential response of some accessions to varying environmental conditions. This result showed that evaluation of forage quality for the selection should be carried out under different environmental conditions.
Although the range of mono-and disaccharide concentrations was the smallest in forage quality traits, entry × year interaction of mono-and disaccharide concentrations was not significant whereas those of fructan and total WSC were significant. This result showed that mono-and disaccharides concentrations in swards were more stable than fructan and total WSC concentrations across years.
Genetic and phenotypic correlations of yield with forage quality traits have been reported in cocksfoot (Stratton et al., 1979; Shenk and Westerhous, 1982) . A correlation of yield with NDF concentration was positive (Stratton et al., 1979) or inconsistent (Shenk and Westerhous, 1981) whereas correlation of yield with IVDMD was negative (Stratton et al., 1979) . The magnitude of the correlation coefficient between WSC and yield under sward conditions was low, while a positive correlation of ADF and NDF concentrations with yield was found in Experiment 1. Stratton et al. (1979) suggested that it may be difficult to either increase IVDMD or lower fibre concentration without a corresponding decrease in dry matter yield in cocksfoot. However, Casler et al. (2002) reported that the selection for high forage yield in cocksfoot did not decrease forage quality. The present result, showing a low correlation between WSC concentration and yield, suggests that it may be possible to increase WSC concentration at the vegetative growth stage without a decrease in dry matter yield.
All forage quality traits were under genetic control, since the mean squares of these traits were significant, and variance components for all traits were significantly larger than zero for Experiment 2 under spaced planting. Because the population in Experiment 2 showed wide genetic variation in total WSC concentration, it should be possible to select and develop high WSC-concentration strains at the vegetative growth stage. The use of a between-and within-family selection method has been effective for the breeding of grasses (Vogel and Pedersen, 1993) . Casler et al. (1989) proposed recurrent progeny-test selection for sward-plot forage yield, combined with within-family spaced-plant selection for forage quality traits as an effective breeding scheme in grasses. Because genetic variation for total WSC concentration between families was found under spaced planting in Experiment 2, a combination of within-family and progeny-test selection will be effective in increasing WSC concentration and forage yield.
The h b estimates of all traits in parents were lower than h n in Experiment 2 which was carried out under spaced planting. Bughrara et al. (1991) found that the h n estimates for ADF and NDF concentration were higher than h b in tall fescue and suggested that epistatic linkage or multiple allelic effects, or both, were probably involved. The h n of fructan and total WSC concentrations under spaced planting in Experiment 2 was similar to that under sward conditions in Experiment 1 whereas that of mono-and disaccharide concentrations under spaced planting was lower than that under sward conditions. This result may have been due to the small number of clones and progeny and the narrow genetic variation for mono-and disaccharide concentrations in this population which was selected for WSC concentration. This reason is supported by the high h po estimates, calculated from parent-progeny regression, in all traits except for mono-and disaccharide, and CP, concentrations although the standard error for these estimates was large in Experiment 2. Therefore, it will be necessary to evaluate large number of clones and half-sib families in selection for mono-and disaccharide concentrations.
There were significant entry × year interactions for all forage quality traits in parents in both experiments. These results indicate that phenotypic-genotypic selection based on the performance of the progeny should be carried out in the selection for forage quality traits in cocksfoot. However, this polycross family evaluation is not highly effective because of the mild selection intensities in a small number of families (Casler et al. 2002) . Casler et al. (2002) suggested that half-sib family selection method is effective for the selection of forage yield and quality under hay management in cocksfoot. The half-sib family selection method may be effective for the selection of forage quality traits using a large number of half-sib families.
There were negative genetic correlations between WSC concentration and fibre traits, such as ADF and NDF concentrations, in both experiments. These correlations indicate that fibre concentrations may be decreased by the selection for high WSC concentration in cocksfoot. Plant carbohydrates are mainly produced by photosynthesis. The proportion of structural carbohydrates in cocksfoot may decrease by increasing the non-structural carbohydrate relatively, if it is assumed that photosynthetic ability is not different among genotypes.
Genetic variation and heritability for total WSC concentration in this study were stable in both sward and spaced-planting conditions. These results suggest that the forage quality of cocksfoot at the vegetative growth stage is influenced by an additive gene effect and could be improved genetically by selection. Humphreys (1989a) suggested that genetic control of WSC in perennial ryegrass was complex and might be influenced by non-additive gene effects. Cooper (1962) suggested that the heritability of WSC concentration, estimated by pair-crossing of four cultivars of cocksfoot, was 0.78 and 0.56 in July and August cuts, respectively, and genetic improvement would be expected. However, the difference in yearly means for fructan concentration was larger than that for mono-and disaccharide concentrations in both experiments. There was a wide range in the means of fructan, total WSC and NDF concentrations in parents and progenies, whereas the range of mono-and disaccharide, CP and ADF concentrations was narrower in both experiments. Because mono-and disaccharide, and CP concentrations, which accumulate in vacuoles, depend on the photosynthetic and nitrogen-uptake capacity of each genotype, their genetic variation may be smaller than that for fibre traits. On the other hand, large genetic variation in fructan and total WSC concentrations was found in all populations, and fructan concentrations varied in each population and year. A genotype × environment interaction for WSC concentration has been found in tall fescue (Burner et al., 1983) . Total WSC concentrations changed corresponding to changes in fructan concentrations. Therefore, the genetic variation in total WSC concentration was mainly consistent with the genetic variation in fructan concentration. As a consequence, crossing between various breeding materials may be necessary to increase mono-and disaccharides concentration. For stability of a high concentration of WSC under various environments, the selection for WSC concentration should be carried out not only for fructan concentration, which varied with environment conditions, but also for mono-and disaccharide concentrations which were more stable than fructan concentrations. Although both mono-and disaccharides, and fructan, are digestible in the rumen, mono-and disaccharides make a greater contribution to the primary stage of silage fermentation than does fructan (Merry et al., 1995) . The results of these experiments indicate that cocksfoot strains with high mono-and disaccharide, and fructan, concentrations should be developed for use both in grazing and for making silage.
Conclusions
The data, presented on the significant genetic variation and moderate h n estimates, indicate that selection for WSC, CP and fibre concentrations in cocksfoot could be successful. The results suggest that forage quality of cocksfoot at the vegetative growth stage was influenced by an additive gene effect and could be improved genetically by recurrent and phenotypic-genotypic selection. A significant genotype × year interaction suggests that the evaluation of forage quality traits should be carried out by divergent selection under multiple environments, especially for the evaluation of parental clones.
Due to the presence of significant genetic variation for mono-and disaccharide and fructan concentrations in both experiments, selection for these traits would be successful. It was found that the genetic variation of fructan concentration was larger than that of mono-and disaccharide concentrations and that the genetic variation of total WSC concentration in cocksfoot depended mainly on genetic variation in fructan concentration. From these results, fructan concentration would increase more than mono-and disaccharide concentrations by the recurrent selection for WSC concentration in cocksfoot. Table 6 Broad and narrow sense heritabilities and correlation coefficients between concentrations of forage quality traits and yield in parents and half-sib progeny of cocksfoot. r; simple correlation coefficient between parents and half-sib progenies.
Traits
h po ; narrow sense heritability calculated from regression between parents and half-sib progenies.
